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ABSTRACT: Gold, as the noblest metal, is an appropriate model electrode to study electrochemical double layers. This
study examines the frequency dispersion of the double layer of polished gold electrodes in perchloric acid with impedance
spectroscopy under amplitude, electrolyte concentration and potential variation. The dynamic perturbation of the double
layer equilibrium by impedance measurements shows a constant phase (CP) response (phase angle of approximately -75°)
which is responsible for a frequency dispersion of the capacitance. The response is almost independent of the excitation
amplitude, for which the CP behavior is ascribed to resistive-capacitive (RC) contributions of the electric field driven ion
separation instead of previously reported diffusion limited adsorption processes. The RC character of the double layer in
combination with the electrolyte resistance is accompanied by a relaxation that can damp the ion movement and the related
ion separation. At the relaxation frequency, the capacitance is found to be independent of the electrolyte concentration,
which is attributed to a constant ratio of the contributions of damped ion movement and dielectric polarization of water

molecules.

Introduction

Electrochemical reactions take place at interfaces between
electrodes and electrolytes, where double layer capacitances
(DLCs) affect the spatial distribution of the reaction-driving
potential. In electrochemical devices such as batteries', elec-
trolyzers? or fuel cells3, DLCs appear as inevitable phenomena
that affect the physicochemical reactions in these devices. Di-
rect application of the phenomena of DLCs is found in elec-
trochemical capacitors 4.

Under electrostatic conditions (no current), the electrolyte -
like every other conductor - prevents internal electric fields by
shielding potential differences at the electrodes in the form of
double layers. By applying a varying potential or by inducing
a potential driven electrochemical reaction, the electrostatic
equilibrium is disturbed and electrochemical currents result.
Double layers are described by modelss that involve contribu-
tions from (i) dielectric polarization of the electrolyte solvent,
(ii) adsorption of hydrated and non-hydrated ions and (iii)
charge separation by the ionic displacement of dissolved ions
in the electrolyte close to the electrode.

Basic theories of electrochemical double layers were devel-
oped in the beginning of the 20th century®, with significant
contributions by Helmholtz7, Gouy8, Chapman? and Stern‘°.
Later developments include the influence of the electronic

structure of the electrode and its potential*3, ion adsorp-
tion's and pseudo-capacitive contributions'®7 with partly
outer sphere reaction types'8-2°. The classical models are based
on Poisson’s law and predict the static ion distribution in the
electrolyte under equilibrium conditions. In contrast, the ca-
pacitance of the double layer is typically measured under var-
ying electrode potential so that the dynamic changes of the
double layer are measured. The thus measured perturbation
of equilibrium states are described by different physics as the
static properties considered in the theories. As a result, the
classic models cannot predict the dynamic properties of the
double layer and the related frequency dispersion that is
measured by impedance spectroscopy.

Gold, as the noblest of all metals®, does not form oxides or
dissolve in aqueous electrolytes (except aqua regia) within a
broad electrochemical and pH window?>2. Thus, gold repre-
sents a model system to measure DLCs in aqueous solutions
and to understand the underlying physical mechanisms.
Moreover, the surface polishing of gold is easily accomplished
with aqueous polishing agents under atmospheric conditions.
Neither hydrogen nor oxygen strongly bond or adsorb on
Gold>, for which its currents in aqueous cyclic voltammetry
are far smaller than those of other noble metals such as the
platinum metal group24-2¢. Despite these unique characteris-
tics, reported capacitances for gold electrodes in aqueous elec-
trolytes vary from 6 - 100 uF/cm? 27-34, Purely capacitive2735



and constant phase type frequency dispersions?®-313637 with
different equivalent circuit diagrams for fitting and physico-
chemical interpretations are reported.

The aim of this study is to comprehend the broad variation of
reported specific double layer capacitances, to understand its
frequency dispersion, the physicochemical mechanisms dur-
ing potentiodynamic probing, and to describe the resistive-ca-
pacitive coupling with its relaxation behavior. On the basis of
the previously mentioned works, three different equivalent
circuits are fit to the measure frequency dispersion of a poly-
crystalline gold electrode in perchloric acid in order clarify
their validly. To further analyze the physicochemical mecha-
nisms of the double layer capacitance, the effect of experi-
mental parameters such as electrolyte concentration, excita-
tion amplitude and electrode potential on the frequency dis-
persion are examined. With gold as model system, the physi-
cal processes that contribute to the double layer of every elec-
trode in aqueous electrolyte are parameterized and their im-
pact on the response is revealed.

Theory

The aim of this section is to describe the calculation of capac-
itive contributions to the impedance, to present the equiva-
lent circuits that are used to describe the double layer and to
discuss the relaxation properties of resistive-capacitive cou-

pling.

Capacitive contributions to the impedance - With refer-
ence to classical impedance theory, the impedance of a capac-
itor C is solely imaginary as described by
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where w = 2nf denotes the angular frequency of the excita-
tion. In multi component circuits, the imaginary parts of the
impedances typically show complicated frequency dependen-
cies. The frequency dependent capacitive contributions C(w)
to the impedances of such circuits are here defined on the ba-
sis of the equation 1 by:
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Constant phase element (CPE) and charge separation - A
CPE describes a frequency independent constant phase angle
of the impedance and is typically used to parameterize physi-
cochemical phenomena such as diffusion limitations38-4° or
resistivity distributions in weakly conducting films and porous
structures 3-4v42, The impedance of the CPE374 is described by
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where { denotes a proportionality factor and n the exponent.
With an exponent of n = 1, the CPE is purely capacitive while
n = 0 represent purely resistive contributions. Exponents of
0 <n < 1 mean a mixture of resistive and capacitive contri-
butions. With an exponent of n = 0.5, the CPE equals the

Warburg element that is commonly considered as an idealized
description of diffusion limitations in electrochemistry43. Us-
ing the Euler equation in the form of i™ = cos(—0.5 nn) +
i sin(—0.5 n), the real and imaginary part of the CPE can be
calculated:

Zcpg = { w ™ cos(—0.5 nn) + isin(—0.5 n)] (1)

The CPE can be represented by a transition line model in
terms of a ladder network of resistances and capacitances#445.
A combination of infinitesimal capacitances and resistances is
used in this work to describe the spatial charge separation of
ions that are moved by the applied potential perturbation dur-
ing impedance measurements. For this interpretation, the re-
sistive contributions are associated with the ion movement
from the decaying electric field in the double layer while the
capacitive contributions are displayed by the reversible charge
separation in the double layer and the polarization of water
molecules.

Because the charge separation and the diffusion limited ad-
sorption are both described by CPEs, one might falsely assign
a CPE behavior to either one or the other contribution. As ca-
pacitances and Ohmic drops are themselves characterized by
a linear response to the excitation amplitude, the response of
the charge separation is expected to be linear as well. In con-
trast, diffusion limitations typically are characterized by a
non-linear response as the diffusion limitations increase to-
wards higher excitation amplitudes. Hence, the effect of exci-
tation amplitude on both mechanisms is profoundly different
while their frequency dependence can be similar.

Equivalent circuits - The most frequently used circuit in
electrochemistry is the Randles circuit4®, where the double
layer is parameterized by a capacitance for dielectric contri-
butions, which is parallel to a charge transfer resistance in
serial combination with a constant phase element (CPE) that
describes diffusion limited adsorption or Redox processes. In
this work, diffusion limited charge transfer processes are ne-
glected for the considered gold electrode as these are later
shown to negligibly contribute to the overall response. Circuit
(i) in Fig 1 consists of a series combination of the electrolyte
resistance Rg with a capacitance Cs that represents the double
layer (to be understood as a superposition of different physi-
cochemical mechanisms). The impedance of the real and im-
aginary part of circuit (i) can be described by Z' = R; and
equation 1 for the relation of capacitance and imaginary part
of the impedance.
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Fig. 1: Equivalent circuits used to parameterize the electrode.
(i): Series connection of the electrolyte resistance Ry and a
capacitance Cs that serves as a simple parameterization of

the double layer. (ii) The charge separation by ion displace-

ment in the double layer is represented by a constant phase

element Zpy that describes mixed resistive-capacitive con-

tributions. (iii) The capacitance Cpg describes the dielectric

contributions by the polarization of water molecules to the
response.

In circuit (ii), a CPE describes the coupling of resistive and ca-
pacitive contributions that are caused by the potential driven
charge separation in the double layer. The overall impedance
of circuit (ii) can be calculated by including the electrolyte re-
sistance:

Z =Rs+ Zcpg (5)

The capacitive contributions of this circuit to the impedance
are described by:

1 (6)
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In circuit (iii), the dielectric contributions by the polarization
of water molecules are included. A frequency independent
constant polarization loss was previously reported for the di-
electric properties of solids*7 and related to the CPE behavior
of the double layer of aqueous solutions+. However, the die-
lectric loss of water at the considered frequencies is negligible
as relaxation frequencies of water molecules are in the range
of microwaves#® for which these processes are believed to con-
tribute in a purely capacitive nature. Accordingly, the dielec-
tric processes are parameterized by the capacitance Cpg for
which the impedance of circuit (iii) can be described by:
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On the basis of the calculated imaginary part, the capacitive

contributions can be derived (with @ = —n) as:
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a
o Cpg € sin (T) a

o () or [ern (5 on) + o (5o )|

+

Similar to the dielectric contributions, capacitive ion move-
ment is also characterized by high frequency relaxation prop-
erties#9. Thus, the mechanisms themselves are expected to be
independent of the frequency within the window of 0.01 Hz to
100 kHz that is typically applied in electrochemical impedance
spectroscopy.

Relaxation - A relaxation describes the change from a per-
turbed state to equilibrium with a damping that leads to a
characteristic time delay. In the case of RC circuits such as cir-
cuit (i), an applied voltage can act as an external force that
perturbates equilibrium by charging/discharging the capaci-
tor, while the resistor damps the current by means of an
Ohmic drop. The characteristic time delay can be related to
the frequency domain as described by the relaxation fre-

quency f;:
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At frequencies that are far smaller than the relaxation fre-
quency of the RC series circuit, the impedance is high and the
currents are small, so that the damping by the Ohmic drop
plays a minor role. The system follows more or less instanta-
neously the excitation, which means quasi-equilibrium states
during the perturbation. Towards higher frequencies the im-
pedance of the capacitance decreases, so that the currents
caused by the potential excitation increase. These higher cur-
rents increase the resistive contributions to the overall re-
sponse. At the relaxation frequency, the resistive and capaci-
tive contributions affect the impedance equally and the phase
angle is 45°. In this case, the system is characterized by a de-
layed and damped response. The relaxation properties of cir-
cuit (i) will later serve as an approximation of those of the
other circuits.

Methods

A custom polypropylene cell was used for the electrochemical
measurements, where a geometrical surface area 0.78 cm? (cir-
cular shape with 1 cm diameter) of the working electrode was
exposed to the electrolyte. As illustrated in Fig 2, the working
electrode in the form of a cold rolled gold plate (Junker
Edelmetalle GmbH, purity 99.99%) is aligned parallel to a gold
wire coil that served as the counter electrode. A Luggin-capil-
lary was placed with a distance of approximately 4 mm to the
working electrode. The capillary is connected to a separated
compartment with an Ag/AgCl reference electrode (Metrohm,
3 M KCl). A separated glass inset with a frit was used to pre-
vent hydrogen or oxygen evolved by electrolyte decomposi-
tion at the counter electrode from diffusing to the working
electrode. The cell was sealed with a silicone ring that held the
glass inset, and the interior was purged with argon at a rate of
50 ml/min for a minimum of one hour prior to the impedance
measurements in order to reduce the concentration of dis-
solved oxygen in the electrolyte. The impedance spectra were
recorded using either a Biologic VMP-3 (16 channel screening
device) or an Autolab Modular Line potentiostat (high preci-
sion single channel device). These different potentiostats were
intentionally used to elucidate measurement errors in detail.



Reference
Gold electrode
wire
Glass inset l

Sealing

Electrolyte ~

PP cell — —

Porous glass frit —|
Argon inlet ———
PTFE capillary ——
FPM sealing —

Gold plate

. /
Stainless .
steel plate

. -
screws

Fig. 2: Schematic sketch of the electrochemical cell used for
all impedance measurements. PP: Polypropylene. PTFE: Poly-
tetrafluoroethylene. FPM: Fluoroelastomer.

Before measuring, the surface of the gold plate was cleaned by
polishing with 4000 grid SiC paper (Struers). Subsequently, it
was additionally polished for 5 min with different soft polish-
ing cloth (Struers) that were individually loaded with dia-
mond particles of 1, 0.25 and 0.05 pm diameter (Struers) and
water as lubricant, so that a mirror finish was obtained. This
was done using a Struers Tegramin polishing machine with an
applied pressure of 10 N and a rotation speed of 200 rpm. After
polishing, the surface was thoroughly cleaned with acetone
and afterwards rinsed with water to remove any residual pol-
ishing solution. Finally, the surface was polished with soft ab-
sorbent cotton and rinsed with water again. A poorly polished
surface will increase the measured capacitances, so it is highly
important that this procedure is conducted thoroughly in or-
der to obtain reproducible electrochemical data.

The electrolytes for the electrochemical measurements were
composed of deionized water (resistance of18.2 MQcm, Veolia
Pureflex) with perchloric acid (Suprapur, Merck chemicals).
The potentials stated in this article are referring to the reversi-
ble hydrogen electrode reference, which was calculated by the
measured potential plus the potential of the Ag/AgCl elec-
trode of 0.197 V vs. SHE and 59 mV per tenfold of proton con-
centration. Before an impedance spectrum was measured, cy-
clic voltammetry from o to 1 V vs. RHE was conducted to oxi-
dize/reduce adsorbents from previous air exposure and to en-
sure reproducible starting conditions of the electrode. The
mean potential of the excitation was applied for 120 s to reduce
charge or de-charge currents. Unless stated otherwise, peak-
to-peak excitation amplitudes of 10 mV were employed.

Results and Discussion

All impedance data shown in this work were obtained on a
polished gold electrode in an Argon purged electrolyte. A con-
stant potential was applied for at least for 120 s to decrease
charging or decharging currents to negligible contributions in
the nano-Amps regime (same scale as the noise). After such a
quasi-equilibrium was reached, the potential perturbations by
the impedance measurement were applied. Accordingly, the

dynamics of nearly equilibrated states in the double layer were
measured.

Evaluation of the impedance spectra

Fig 3 shows the impedance data of a polished gold sample in
0.1 M HCIO,, including the real and imaginary parts of the im-
pedance, the phase angle 6 and the capacitive contributions
C(f) as determined by equation 2. In order to show the effect
of measurement errors, the data of two different potentiostats
(a Biologic VMP-3 and an Autolab Modular Line) were com-
pared. The frequency range in which the data of both imped-
ance analyzers agrees ensures the reliability of the experi-
mental data, while the frequencies with deviations in the data
show the error in measurement. The figure also shows the fits
of circuits (i), (ii) and (iii) to the data of the Autolab potenti-
ostat. The differences between the fits are observed in the real
and imaginary parts of the impedance and can be seen more
clearly in the phase angle and capacitive contributions; there-
fore, this will be the focus of the following evaluation.

Q 10°

m v v

-Z" (Q)

T AL,
G ~ 0F = Autolab
;’ 20 |k B Bliolhogicl: .
> fit circuit (i)
c 40r fit circuit (ii)
o -60 | fit circuit (iii
g P
£ -80F o 5
[}

102 10" 10° 10 102 100 10*  10°
f (Hz)

Fig. 3: Impedance measurement (scatter) of the polished
gold sample at 0.5 V vs RHE, 0.01 V amplitude and 0.1 M
HCIO, electrolyte. Fit of circuit (i) (brownish solid line), of
circuit (ii) (red solid line) and circuit (iii) (green solid line).
(A): Real part of the impedance. (B) Negative imaginary part.
(C): Phase angle in degrees. (D) Capacitive contributions to
the impedance. The regions I, II, III, IV and V with colored
shadings are used to discuss the frequency dependence (see
text).



The impedance spectra covers seven decades of frequency,
thus it is useful to separate the spectra into different regions
with different physical meanings. Here, five regions (shaded
with different colors in Fig 3), that are distinguished by the
information contained in the phase angle, are used. Before
elucidating the properties of each region in detail, two groups
can be formed: At the very low frequencies (region I) and very
high frequencies (region V) of the spectrum, measurement er-
rors lead to deviations of the capacitive contribution to the
impedance recorded with the two different impedance analyz-
ers. In between these regions, reliable information on the dou-
ble layer can be obtained.

To fit the parameters of the different circuits to the impedance
data, the following procedure was used: The electrolyte re-
sistance (Rs) was obtained from the high frequency compo-
nent of the real part of the impedance in region (V) without a
fit as Rg = 10.5 Q. In the case of circuit (i), the only remaining
fit parameter is the capacitance Cs, which was determined
from the measured C () at the relaxation frequency of the RC
circuit (where the phase angle equals -45°). This capacitance
of Cs = 5.8 pF at f, = 2.24 kHz is a superposition of different
mechanisms and does not represent a single direct physical
component, however, it will be used to characterize the relax-
ation properties of the response in this frequency regime. The
two open parameters of circuit (ii) are fit to the data in region
(1I), yielding n = 0.77 and ¢ = 47634. As only two parameters
must be fit to the data (Rg extracted from the high frequency
resistance), this fit is reproducible and unambiguous. How-
ever, fitting with two open parameters can run into local min-
ima, for which the exponent n was varied in 0.005 steps from
0.7 to 0.85 while the parameter ¢ was fit in Python (see sup-
porting information for the computer code). The mean quad-
ratic deviation to the measurement was calculated for each fit
of the different n values, and the parameters with the lowest
quadratic deviation were chosen as the best ones. The fit of
circuit (iii) was conducted with a capacitance of Cpg = 3.5 uF
and again ¢ and n as open parameters. This value of Cpg was
found by iterative probing, leading to the best agreement be-
tween the fit and the measured data. The fitting procedure is
reproducible and unambiguous, as each parameter has a deci-
sive impact on the capacitance and phase angle dispersion.

The residuals of the different fits are graphed in Fig. 4. Circuit
(iii) matches from regions (I) to (IV) within a 5% deviation
from the experimental data, while the other circuits agree only
in small frequency ranges. As circuit (iii) comes with only one
more parameter as circuit (i), it holds the minimum amount
of parameters required to represent the data of the full fre-
quency range and the maximum amount of parameters to ob-
tain unambiguous results.
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Fig. 4: Fit residuals as percentage differences. Top: Phase an-
gle. Bottom: Capacitance. Circuit (i) just agrees with the ex-
perimental data in region (IV), while circuit (ii) agrees with

the data in region (I) and (II). Circuit (iii) agrees with the full
spectra excluding region (V) that is dominated by measure-

ment error.

In the following, the fits and the physical processes in the five
different regions will be described in more detail:

Region (V) - This region describes the high frequency prob-
ing, where the phase angle approaches zero as the electrolyte
resistance dominates the response. The capacitive contribu-
tions to the impedance are affected by large measurement er-
rors, which is reflected by the diverging capacitive contribu-
tions as measured by the two different impedance analyzers
employed. The value of the impedance Z and the phase angle
6 are measured by lock-in-amplification in impedance analyz-
ers, from which the imaginary part is calculated by Z"" =
Z sin (0). At small values of 6, the approximation sin(8) ~ 6
is valid, which means that the measurement error of 6 directly
affects the error of the imaginary part of the impedance. For
example, if 8 = 2° £ 1°, the relative error of Z" is + 50 %,
while in the case of 8 = 45° + 1° the error of Z" is just + 2 %,.
Accordingly, the relative measurement error of Z'" increases
towards low absolute values of the phase angle. Moreover, in-
ductive contributions affect Z" linearly with frequency and
thus complicate the estimated capacitance at high frequen-
cies. With reference to equation 2, the error of Z” directly in-
fluences the error of the capacitive contributions to the im-
pedance, and thus are not reliable in this region.

Region (IV) - Here the phase angle ranges from —20 to —60°,
for which its absolute values are small enough to enable a pre-
cise determination of the imaginary part of the impedance.
The lowest reliable value of the capacitive contributions can
be measured in this region as they increase towards lower fre-
quencies. Moreover, this region contains the resistive-capaci-
tive relaxation with a relaxation frequency f, at —45°. The fit
of circuit (i) reasonably describes the data with maximum re-
siduals of +12%. Thus, circuit (i) can serve in this frequency
range as an approximation of the experimental data and the
resistive-capacitive relaxation properties of the response. The
values of the fit of circuit (ii) are too small, while the addi-
tional capacitance of circuit (iii) compensates for this.



Region (III) - The phase angle decreases towards lower fre-
quencies as the share of the electrolyte resistance to the over-
all response is reduced due to smaller currents. Circuit (i) no
longer represents the data. The capacitive dominance changes
the phase angle towards —90° while the experimental data
shows higher phase angles. The agreement with circuit (ii) in-
creases towards lower frequencies.

Region (II) - The CPE dominates the response, for which the
phase angle is with approximately —76° almost independent
of the frequency as described by circuit (ii). In this frequency
region the currents are small, resulting in a negligible impact
of the Ohmic drop at the electrolyte resistance on the overall
response. The capacitance of circuit (iii) has a small impact on
the response in this regime, for which the frequency depend-
ence of circuit (ii) and circuit (iii) are similar.

Region (I) - In this low frequency region, the impedance ap-
proaches the MQ range, for which currents become small and
measurement errors increase. As a result, the data of both im-
pedance analyzers show significant differences. Moreover,
higher harmonics and related non-linear contributions to the
impedance (that are typically capacitive and smoothed at
higher frequencies) increase the measurement error at these
low frequencies. In addition, as the currents become small, the
relative contribution of parasitic reactions, such as the reduc-
tion of oxygen impurities, increase. Such parasitic reactions
are mainly Ohmic and hence increase the phase angle.

To summarize, the parametrization of the double layer by a
capacitance in combination with a CPE led to a good agree-
ment with the reliable (excluding region V) measured data,
and the resistive-capacitive coupling in this circuit leads to a
relaxation.
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Fig. 5: Impedance spectra under amplitude variation in 0.1 M
at 0.5 Vvs RHE. The differences of the responses are within
the measurement precision negligible, which means an ap-
proximately linear response. A constant phase behavior with
a linear response is displayed by the resistive-capacitive ion

separation.

Amplitude variation

Fig. 5 shows the phase angle and capacitance obtained from
individual impedance spectra that were recorded with ampli-
tudes of 1, 10 and 100 mV of the polished gold sample in 0.1 M

HCIO, using the Autolab potentiostat. The data with the dif-
ferent amplitudes shows a maximum difference of 20% and
not a clear trend as the values of 1 mV measurement is be-
tween those of the higher amplitudes. Accordingly, the capac-
itance can be approximated as independent of the excitation
amplitude, which means that amount of charge exchanged
and the associated current are approximately linear with the
excitation amplitude.

If diffusion limited adsorption is responsible for the CPE be-
havior, the current would not or minimally change with am-
plitude. Thus, diffusion limitations would result in a non-lin-
ear response with an increasing impedance towards higher
amplitudes. In contrast, the resistive-capacitive spatial ion
separation and the dielectric contributions are both expected
to come with a linear response to the excitation amplitude.
The resistive-capacitive ion movement can be described by
the transition line model of an infinitesimal ladder network of
resistances and capacitances , which was related to the CP be-
havior in previous works 4445,

Based on the measured linear response at different ampli-
tudes, capacitive ion separation and the dielectric contribu-
tions are shown to dominate the response. In this respect, the
potential perturbation is the driving force for the ion move-
ment and their displacement at the electrode. Diffusion partly
compensates the movement of separated ions at the interface
as it directs them in the opposing direction to the charge sep-
aration introduced by the electric field. In this manner, diffu-
sion and ion separation form a temporary equilibrium that
shields the electrode potential during the perturbation im-
posed by the impedance measurement.

Description of the physicochemical processes

Based on the data in Fig. 5, the dielectric polarization and the
resistive-capacitive ion movement were discussed to domi-
nate the response. These physicochemical processes are sche-
matically sketched in Fig. 6 for three cases: (A) An equilibrium
at a potential of 0.5 V, which was used for most of the meas-
urements in this work. This potential is approximately 0.3V
above the open circuit potential (OCP) that was measured to
0.2 V. The OCP can vary from sample to sample as it can be
influenced by impurities or the electrode history. (B) A per-
turbation by an increase of 0.1 V and (C) a perturbation by a
potential decrease of -0.1 V.

At the OPC, the charges in the double layer are assumed to be
balanced as no external potential is applied that could drive
the charge carrier separation. Equal amounts of positively and
negatively charged ions in the double layer are the result of
the equilibration. As the applied potential in case A is above
the OCP, it separates the charged ions in the double layer.
More negative than positively charged ions are close to the
working electrode in the double layer in order to balance the
potential gradient between the electrode and the electrolyte.
The potential gradient orientates the water molecules in the
double layer, which results in a mean polarization P. The wa-
ter molecules that are attached to the solvation shells of the
ions might come with different polarization dynamics as the
ones which are surrounded by other water molecules. The
constant potential leads to an equilibrium, in which no net ion
movement appears and the theories on the electrostatically



shielding (see introduction) can be applied to describe the ion
arrangement in the double layer.
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Fig. 6: Schematic sketch of the physicochemical mechanisms of the charge separation (top row) and the dielectric polarization
of water molecules (bottom row) for three cases (A, B and C) of applied potentials. The gold electrode is illustrated yellowish,
the electrolyte bluish. The open circuit potential (OCP) was measured to approx. 0.2 V, while the equilibrium potential of the

illustrated cases is 0.5 V. The black arrows in the top row indicate potential driven ion movement whereas the purple arrows in

the bottom row indicate the mean polarization P of the water molecules.

When the applied potential is increased as sketched in case
(B), the equilibrium is disturbed and the ionic charges start to
move. The ratio of negatively charged to positively ions di-
rectly at the electrode increases in order to shield the more
positive electrode potential. Moreover, due to the increased
potential gradient that penetrates into the electrolyte the
mean polarization of the water increases as more water mole-
cules are orientated. When the potential is decreased as illus-
trated in case (C), the ions move in the other directions. The
electrode potential comes closer to the OCP, so that the
charge ratio of ions close to the electrode becomes more
evened out. As the potential gradient in the electrolyte de-
creases, the mean polarization of the water molecules also de-
creases.

Electrolyte concentration and relaxation properties

Fig. 7 shows the impedance spectra measured with the Au-
tolab potentiostat (10 mV excitation amplitude) and four dif-
ferent electrolyte concentrations: 0.001, 0.01, 0.1 and 1 M per-
chloric acid. Each spectra shows similar behavior to the previ-
ous presented spectrum with the as discussed five different re-
gions, respectively. The characteristic frequencies of the five
different regions shift with approximate proportionality to the
electrolyte concentration. To understand this behavior in
more detail, the relaxation properties in region (IV) will be a
central part of the following discussion. The relaxation fre-
quencies that refer to a phase angle of -45° are marked with
vertical dotted lines in Fig. 7. Following the above described
procedure, fits of circuit (iii) were conducted to each of the
spectra. The open circuit potentials of the gold sample were
0.45, 0.34, 0.22 and 0.06 Vvs. RHE (error of approximately
0.05 V) for the 0.001, 0.01, 0.1 and 1 M perchloric acid solutions,
respectively.
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Fig. 7: Impedance on the polished gold plate under varying
concentration of perchloric acid at 0.5V vs RHE. Scatter: Ex-
perimental data. Solid lines: Fit of circuit (iii). The vertical
dotted lines mark the relaxation frequencies at a phase angle
of -45°, which are approximately inversely proportional to
the electrolyte resistance according to equation 9.



Table 1: Fit parameters and relaxation properties. The experimentally determined relaxation properties were read out at a phase

angle of -45° in region (III) of the impedance spectra and are marked with a “-45

o»

subscript. The relaxation frequency f, is calcu-

lated from equation g from the measured electrolyte resistance and C_,s., while Af denotes the percentage difference of f, and f_4se.

cM)  R(@)  Cor(b) £ (Q) n fr(H2) Coy (WF) £ (Hz)  AF(%)
1 1.35 3.5 26865 0.765 2.14E+o4 5.79 2.04E+04 -5.0
0.1 10.5 3.5 47634 0.770 2.24E+03 5.80 2.49E+03 10.0
0.01 101 3.5 64126 0.750 219E+02 6.04 2.61E+02 16.3
0.001 870 3.5 104885 0.705 2.74E+01 5.54 3.30E+01 16.9

Fehler! Textmarke nicht definiert.Table 1 shows the fit pa-
rameters of circuit (II) to each spectrum. As expected, the
electrolyte resistance decreases approximately with inverse
proportionality to the electrolyte concentration, and a slight
increase of the resistance at 1 M is also expected from the ion-
ion interaction that leads to deviations from the idealized be-
havior of infinite solutions 2. The electrolyte resistance
changes also approximately linearly with the electrolyte con-
centration from 1.35 Q at 1 M to 870 Q at 0.001 M. The permit-
tivity of aqueous electrolytic solution only slightly depends on
the electrolyte concentration 5°5, so that the dielectric capac-
itance Cpg is assumed to be equal for all the different electro-
lyte concentrations used here. The differences of the CPE pa-
rameters ¢ and n for the individual electrolyte concentrations
are indicative of the changing interaction of the resistive-ca-
pacitive ion separation.

The relaxation frequency as previously described by equa-
tion 9 shows that the relaxation frequency is expected to in-
crease proportionally with the electrolyte concentration. The
frequencies of the individual spectra at which the phase angle
in region (IV) equals -45° are denoted as f_,5- and serve as es-
timations of the relaxation frequencies. This frequency under-
goes an approximately proportional linear shift with electro-
lyte concentration, from 27 Hz at 0.001 M to 21 kHz at 1 M. The
capacitance at f_,so is denoted by C_,5- and remains nearly
constant with values from 5.5 pF at 0.001 M to 5.8 pF at 1 M. In
region (IV), circuit (i) was found to be a good approximation
for the response, for which its relaxation properties can be
used as an approximation for those of circuit (iii). Using equa-
tion 9, the relaxation frequency f, can be calculated from the
capacitance and the electrolyte resistance. Hereto, C_4s¢
serves as an estimation for the capacitive contributions. By
comparing the calculated relaxation frequency f,- and the es-
timated relaxation frequency f_;s., the quality of the approxi-
mation can be controlled. The percentage difference between
both frequencies is denoted as Af and also summarized in Ta-
ble 1. The values of Af range between -5% and 17%. Accord-
ingly, an estimation of f;. by f_,s- is reasonable.

As with the frequency of the relaxation, the frequencies that
describe the other four regions (Fig. 3) of the spectra change

to the same extent with the electrolyte concentration. Accord-
ingly, as expected the onset frequencies of region V with the
diverging capacitances change proportionally to the electro-
lyte concentration. An exception of the linear frequency
change of the regions is given by region I, where the low fre-
quencies lead to non-linear responses and small currents.
Hence, in this region the data becomes independent of the
concentration less reliable and deviations from the fit arise.
The above mentioned reduction of oxygen impurities might
also lead to an increasing phase angle for the smallest currents
measured (at low frequencies and low ionic concentrations).

At frequencies close to the relaxation frequency, the electric-
field driven ion movement is strongly damped as the time de-
lay to the response is in the same time scale as that of the per-
turbation period. Towards higher frequencies the damping in-
creases and the ion movement caused by the perturbation be-
comes negligible. As a result, the contributions of the spatial
ion separation to the capacitive response is weakened and the
impact of the dielectric contributions becomes significant. Ta-
ble 1 shows that at the relaxation frequency the capacitive con-
tributions to the impedance are almost independent of the
electrolyte concentration. This almost constant value of the
capacitance is attributable to a constant ratio of the capacitive
contributions of strongly damped charge separation (parame-
terized by the CPE) and the dielectric background of the po-
larizable water molecules (parameterized by Cpg). Accord-
ingly, the electrode capacitance can be reproducibly measured
at the RC-relaxation frequency independent of the electrolyte
concentration.

Bockris et al. 5> discussed that the frequency dispersion of
DLCs is attributable to the dielectric properties of the water
molecules and their relaxation. However, the dielectric relax-
ation of water molecules takes place in the microwave fre-
quency range+8. Moreover, this interpretation by [52] cannot
explain the concentration dependence of the capacitance dis-
persion, for which an interpretation of the ionic movement
and its related resistive contributions seems more likely. Use-
ful information on the double layer can be obtained from at
and below the relaxation frequency, for which experimental-
ists should thoroughly choose the frequency range to obtain
data on the double layer.



Effect of electrode potential

Thus far, the frequency dependence of the capacitive contri-
butions to the impedance was considered, where the absolute
values of the capacitance matter for the properties of the re-
laxation. The following evaluation focuses on the impact of
electrode potential on the capacitive contributions, where the
relaxation properties play a minor role. Specific capacitances
(normalized to surface area) are commonly used to compare
different samples and will also be used in the following. The
geometric surface area of the polished sample is approximated
as the electrochemically active surface area of the sample that
is exposed to the electrolyte.

Fig. 8 shows the potential dependence of the specific capaci-
tive contributions to the impedance of the polished gold plate
at a concentration of 0.1 M HCIO,. Individual impedance spec-
tra were recorded at potentials from o to 1.2 V with a 0.1 Vin-
crement. The impedance spectra at the different potentials re-
sembled the ones presented, whereas the deviations from the
CP behavior in region I slightly varied. The surface area nor-
malized capacitive contributions to the impedance are shown
for one frequency per decade from 1 Hz to 10 kHz. In addition,
the capacitance at the relaxation frequency of 2.2 kHz is in-
cluded. In the SI, cyclic voltammetry data on the electrode is
also graphed. However, while the impedance probes the per-
turbation of a nearly equilibrated double layer with small am-
plitudes, cyclic voltammetry with large amplitudes lead to
drastic potential induced changes in the double layer. Thus,
the potential dependent data of both techniques cannot be di-
rectly compared.
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Fig. 8: Top: Specific capacitance as a function of potential for
six characteristic frequencies. Data extracted from individual
impedance spectra of electrode potentials from o to 1.2 V.
The frequency of 2240 Hz represents the relaxation fre-
quency. Bottom: Percentage of the potential impact on the
capacitance. Hereto, the lowest measured capacitance at the
considered frequency was used to normalize the data from
the top graph.

The impedance spectra above shows that the capacitance in-
creases towards lower frequencies as the contributions of the
spatial ion separation becomes larger. This increase is be-
tween 0.3 V and 1.2 V and is significantly larger than at 0.2 V.
The value of the electrode potential changes the electrostatic
shielding in the double layer and the related spatial ion ar-
rangement near the electrode. In terms of Fig. 6, the ion ar-
rangement at the equilibrium changes with the potential as
the ionic charges are moved when the potential is altered. This
arrangement of the ions influences the dynamics of the ion
separation that is probed by the potential perturbation during
impedance measurements and the resulting capacitive re-
sponse.

At the relaxation frequency (2.2 kHz), the specific capacitance
is approximately constant with a value of 7.5 + 0.3 pF/cm? for
potentials between o.1and 1.2 V. At o V, the capacitance is sig-
nificantly higher, which might originate from potential driven
hydrogen adsorption and desorption. The dielectric contribu-
tions from the orientation of water molecules is expected to
be independent from potential. As discussed above in detail,
the ratio of the capacitive contributions of spatial ion separa-
tion and dielectric permittivity to the response are reproduci-
ble at the relaxation frequency, as the damping reduces the
impact of spatial ion separation on the response. Thus, a
change of the ion arrangement by different electrode poten-
tials is expected and is observed to negligibly change the ca-
pacitance at the relaxation frequency.

Conclusion

In this study, the physical mechanisms in the double layer are
analyzed by impedance spectroscopy on polished gold elec-
trodes. Fits of different equivalent circuits that describe the
resistive-capacitive charge separation by ion displacement
(parameterized by a constant phase element) and the dielec-
tric permittivity (parameterized by a capacitance) are pro-
vided. A combination of both effects is sufficient to describe
the impedance spectra over the frequency range that yields re-
liable data. With the systematic parameter screening of fre-
quency and electrolyte concentration, the entire range of pre-
viously reported specific capacitances of gold electrodes from
6 to 100 pF/cm? is reproduced. The impedance of the gold
electrode is almost independent of the excitation amplitude
for which the non-linear response of diffusion limited adsorp-
tion processes is found to negligibly contribute to the meas-
ured spectra. Instead, the observed constant phase behavior is
attributed to the resistive-capacitive coupling of the potential
driven dynamic change of the spatial ion arrangement/sepa-
ration. By damping the ion movement, resistive contributions
result in an intrinsic frequency dispersion of the DLC that
changes with electrolyte conductivity. At the relaxation fre-
quency of the RC-coupling, ion movement is slowed, so that
dielectric contributions to the capacitive response become the
dominating mechanism. The capacitance at the relaxation fre-
quency is independent of the electrolyte concentration from
0.001 M to 1 M and the potential from o.1 to 1.2 V, which is
attributed to a constant ratio of the dielectric contributions
and ion displacement to the capacitive response. As predicted
by theory, the relaxation frequency changes approximately
linearly with the electrolyte concentration. At lower frequen-



cies, the capacitive contributions depend on the electrode po-
tential. This influences the static ion arrangement near the
electrode and it is this dynamic change that is probed by im-
pedance.

The polished gold electrodes examined in this study serve as a
model system to describe the basic physicochemical effects in
the double layer that contribute to every electrode, whereas
additional phenomena such as specific adsorption are ex-
pected for other electrolytes and electrodes. A broad screening
of the capacitance dispersion of different materials and elec-
trolytes might be helpful to better understand all physico-
chemical effects in the double layer. The spatial ion displace-
ment in the double layer affects every electrochemical reac-
tion, however, its detailed impact still has to be resolved. To
understand the dynamics in the double layer and the related
impedance spectra in more detail, it would be desirable to
measure the potential driven ion separation with a spatially
resolved technique, however, the small penetration depth is
experimentally challenging. Overall, the DLC cannot be con-
sidered as a constant, it is a variable with a multidimensional
parameter dependency, and this work has moved to clarify
this point.

Supporting information

The supporting information to this work contains the deriva-
tion of the analytical expression for the impedance of circuit
(iii), a cyclic voltammogram of the polished gold sample and
computer codes (Python) to fit the circuits to the capacitance
dispersion.
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